Stereo matching by correlation near occlusions is a very challenging problem. When a partial occlusion occurs, most of the standard methods fail to produce acceptable results. This is because the techniques used do not take into account the presence of the occluding region. We propose a robust technique which we call partial correlation. This technique makes use of the least median square method which has recently been used for vision problems such as robust surface reconstruction. It performs better than standard methods near occlusions. It works by first of all disambiguating between the occluding region and the object region in the template and in the candidate window. A binary weighted correlation is then performed on the object regions. We present a comparative study between our approach and two other techniques. Experiment results validate our approach.
Introduction
Area-based and feature-based matching techniques [7] [2] are the most commonly used techniques to determine correspondences between two images. In the literature, classical methods of area-based matching are:
• optical flow [8] • Fourier transform [21] • correlation for template matching [1] [4] In this paper we will discuss only the last technique. The use of correlation as a similarity measure between two signals is wellknown. It is commonly used in stereo vision for the visual correspondence problem [16] .
It is very hard to conceive a robust stereo template matching technique which can work near the occluding contours [16] , [5] [10] .
In the paper [10] , Intille uses an energy functional which contains a term of similarity between corresponding pixels, a regularization term and some Ground "This work has been performed within the research group MOVI which is common to CNRS, INRIA, INPG and UJF Control Points (GCP) to cater for disparity discontinuity which occurs near occlusion.
Our opinion is that only the use of a robust method [9] [6] can overcome the matching problem caused by occlusions. We propose a template stereo matching method which provides good matches when other techniques fail. The key idea is to use a robust estimator to detect the portion of template which belongs to the object region and then perform a binary weighted correlation with the object region only.
The paper is organised as follows. Section 2 describes some related work. Section 3 describes the chosen approach. Section 4 illustrates some experiments and a final discussion concludes the paper.
Related work
Robust methods have been used in vision for quite some time in order to perform regression [13] , clustering [11] , or to compute the epipolar geometry [23] . Robust methods have also been used to improve matching techniques. For instance, Odobez and Bouthemy [18] use the M-estimator to compute the optical-flow, and Zabih [22] proposes a non-parametric transform to improve the correlation results.
It is very important to be able to find matches along the discontinuities, because discontinuities usually delimit the shape of an object. Unfortunately, traditional statistical similarity measures are not stable near discontinuities. This situation arises from the presence of multiple populations in a match window that includes a discontinuity.
We chose to describe in more detail Zabih's method and to make a comparison with our approach because it is a robust approach which works better than standard methods near occlusions.
Zabih proposes a new area-based approach for the visual correspondence problem. It is based on non-parametric local transforms followed by correlation. The use of transforms before correlation is similar to those proposed by Nishihara [17] and those of Seitz [1] [20] . Nishihara uses the sign bit of the image after convolution with a Laplacian while Seitz proposes the direction of the intensity gradient as the correlation primitive.
Let M be a square window of radius r and N(P) = P®M be a square of radius r centered at P, where © is the Minkowski summation operator. N(P) will contain two distinct populations : the majority population, which arises from the object we are interested in and the minority population from the object across the discontinuity. Two distinctions can be made between the majority and the minority pixels:
• The majority pixels have a different disparity from the minority pixels
• The majority and minority pixels draw their intensities from different distributions
The presence of distinct populations within a match window is referred to as factionalism.
The fundamental idea behind Zabih's approach relies on local transforms based on non-parametric measures that are designed to tolerate the effect of factionalism. Non-parametric statistics [12] differ from the parametric technique in the way the ordering information among data is used rather than the data values themselves. Correspondence can be computed by transforming both images and then using correlation.
Zabih suggests two local non-parametric transforms. The first one, called rank transform, is a measure of local intensity; the second one, called census transform, is a summary of local spatial structure. The rank transform R(P) is defined as the number of pixels in the local region whose intensity is less than the intensity of the center pixel. The census transform R T (P) is a mapping from the local neighborhood surrounding a pixel P to a bit string representing the set of neighboring pixels whose intensity is less than that of P.
Zabih's method is more stable near the disparity discontinuity than the classical correlation methods. A comparison of his methods and ours is provided in Section 4.
The partial correlation technique
Classical correlation techniques suffer from the problems of disparity discontinuity and highlights. When such problems occur, pixels in a region represent scene elements from two distinct intensity populations. We call this partial occlusion. Some of the pixels come from the object and some from other parts of the scene. We propose the partial correlation method to overcome this problem.
Constraints and likelihood used in our method
We propose a method based on the idea that a robust correlation measure can be computed in two steps. Firstly we identify the portion of the template which belongs to the object. The remaining portion represents the background. The selection is made using a robust method. In the second step, the object portion of the the template is matched against the second image. Section 3.2 describes in more detail the two steps.
In order to reduce the number of candidates, the epipolar constraint [16] and the region of interest constraint (ROI) [1] are used.
A likelihood function is required to measure the correlation between the template and the candidate windows. The classical methods and an experimental comparison between them is represented in [1] . We have chosen the zero mean sum of squared differences because of its relative simple form and its robustness to varying lighting conditions :
where 3.2 Our correlation model for partial occlusion Consider the two windows (template I\ and candidate 7 2 ) in Figure 1 , they match except for the top-right part of image I\ and Ii-The goal of the first step of our method is to identify this occluded region. We assume that locally the image intensity signal undergoes an intensity shift from image 1\ to image 7 2 (see Figure   2 ):
h(s,t) =h(s + dx,t + dy)+l + e
where (dx,dy) is the disparity of the point (x,y), and e(s,t) is a Gaussian image noise.
Relation (1) does not hold for the occluded region. If we consider that the center of the window of coordinates (x,y) is not occluded, we can add the following constraint : dx,y+dy)
We call such constraint the center point constraint. (CPC) We use the least median square technique [19] to distinguish which pixels follow the model used. A Monte Carlo technique is used to compute the optimal model(if the CPC 2 is not used), that is the model which minimizes the median of the square residuals [19] . If the CPC 2 is used, no parameters remain to be estimated, so the model is got directly.
Such a model is consequently used to identify the inlier portion of the data. This is done by assigning a binary weight [weight in equation (3)) to each data point using the following formula : (1 H-^-) / med r u y is the estimation of the standard " p Y u,v deviation of noise as described in [13] . Here n is the data number, p is the number of parameter and r U)V is the residual for the (u,v) data point. The factor 1.4826 is for consistent estimation in the presence of Gaussian noise and the term ^-is recommended by Rousseeuw and Leroy [19] as a finite sample correction.
Having found the occluded portions, we perform the correlation on the remaining portions of the two windows. We call this technique partial correlation.
At this stage, a weighted correlation technique can be used to perform the partial correlation. Partial correlation is a special case of weighted correlation, as we leave weight(u,v) = 1 (inlier) or weight(u,v) = 0 (outlier). For example, the weighted ZSSD can be expressed as follows :
for i = 1,2
Experimental results and discussion
We present the efficiency of the partial correlation technique by comparing it with Zabih's and the classical one. In this paper, we show only our experiments using a planar scene occluded by an object. The use of a planar scene allows us to establish a one to one accurate mapping between the two images. We have tested the method using the translation relation (1) and the center point constraint (2). We call this method rzssdc. Only the translation relation has been used because this method has been compared with ZSSD, which just takes into account a translation of the intensities. We assume the pin-hole model for the camera. We use the epipolar constraint [16] and the ROI constraint ( [1] in the computation of the correspondences and we use the homography between the two images to validate the result [16] . The following steps explain how the experiments were carried out :
• how to compute the epipolar geometry A simple setup is used. A calibration grid is placed in several positions at different depths from the two cameras with a relatively slanted orientation. Using a mode-based corner matching technique [3] , the epipolar geometry between the two views is computed.
• ROI constraint
We allow the disparity limits of ±200pixels, while the size of the images is 512 x 512 (pixels).
• how to compute the homography The calibration grid is also used to compute the homography. An accurate approximation of the homography which maps the first view of a planar object onto the second is computed after having the correspondence of the grid corners. Such mapping is then used to verify the different correlation techniques. [3] [16] Many experiments were performed with this type of setup using different texture and occlusion. In this paper, only the experiments carried out with the two images of Figure 3 are presented. A planar scene was placed behind an object (the koala soft toy). Figure 4 shows two selected data sets on the left image in Figure 3 Table 1 (resp. 2) have been obtained using the black points in the left (resp. right) image.
Our proposed method, Zabih's, and the classical method were run on these two data points. The candidates were constrained to move only along the epipolar line and inside the ROI. For each method, we compared the results found with the accurate value provided by the homography. The results are reported in Table 1 and 2. For each method (i.e. : rank, census, rzssdc and zssd) the tables indicate the number of accurate matches, up to one pixel error (good match); the number of matches within a distance between one and two pixels error (acceptable match); the number of matches at a distance of two to three pixels (failed matches) and the matches which lie more than three pixels away from their accurate position (false matches).
From these tables, we see that the rzssdc method gives the best result, the census is less good, the rank is even less so and the zssd is the worse.
However, Table 3 shows that if we choose some points far away from the occluding contour, the best results are obtained by using the census or the classical method.
We believe that our method uses a model which fitted to non contaminated but noisy data, may introduce false outliers. This is an acceptable explanation why the census and the classical methods work better far away from occlusions.
More work is needed to identify a more robust technique capable of performing well in all conditions.
Conclusion and future work
Occlusions carry important information in the visual correspondence problem, because they indicate where the disparity discontinuity occurs and they produce useful cues on the shape and location of the objects. However, an occlusion usually represents the limitation for most of the standard correlation methods.
In this paper, we discussed the occlusion problem and we proposed a new robust approach which we call the partial correlation method to overcome it. We compared our method with the standard correlation method and Zabih's correlation method. Experiments show that our method works better than other standard and non standard correlation methods when occlusions arise. However, when no occlusions are present, our method performs worse, even if it remains satisfactory.
For the moment, we think that the partial correlation represents only the beginning of the solution to the problem.
The fundamental limitation of this technique is the necessity for a tradeoff between the similarity and the completeness criteria : Given a template, and several candidates, which one is the most similar to the template ?
Perhaps there exists one candidate which is more similar to the template than others, which may be, on the other hand, more complete because they carry more information. The straightforward solution could be to take the one which is more similar when occlusions occur and the one which is more complete otherwise. This is an important issue not only in the problem of stereo matching by correlation, but also in the more general template matching problem.
Ongoing work has been targeted to automatically extract occluding contours in a given region using the presented technique. It works by performing the partial correlation in the selected region and by assigning a vote to the pixels on the border between the object and the background template portion. At the end of the process, each pixel of the selected region has a vote. The region can then be identified with a vote image which can be processed to extract the occluding contours. In practice, the vote image is closely related to a gradient image, therefore contours can be extracted by the technique of non-maximal suppression followed by double threshold.
The vote technique is strongly related to the notion of consensus vision [14] [15]. In the paper of Mintz [15] , a vote technique is used to locate the edge. First results using this technique to locate occlusion contour have been obtained. They can be used to choose between the classical correlation and the partial correlation method we have developed. Moreover, the points on these contours can play the role of control points to build the disparity path introduced by Intille in his paper [10] .
